Abstract: The size and shape of free volume (FV) holes available in membrane materials control the rate of gas diffusion and its permeability. Based on this principle, a segmented, thermo-sensitive polyurethane (TSPU) membrane with functional gate, i.e., the ability to sense and respond to external thermo-stimuli, was synthesized. This smart membrane exhibited close-open characteristics to the size of the FV hole and water vapor permeation and thus can be used as smart food packaging materials. Differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), positron annihilation lifetimes (PAL) and water vapor permeability (WVP) were used to evaluate how the morphological structure of TSPU and the temperature influence the FV holes size. In DSC and DMA studies, TSPU with a crystalline transition reversible phase showed an obvious phase-separated structure and a phase transition temperature at 53 o C (defined as the switch temperature and used as a functional gate). Moreover, the switch temperature (T s ) and the thermal-sensitivity of TSPU remained available after two or three thermal cyclic processes. The PAL study indicated that the FV hole size of TSPU is closely related to the T ·d, which produced an "increase-decrease" response to the thermo-stimuli. This phase transition accompanying significant changes in the FV hole size and WVP can be used to develop "smart materials" with functional gates and controllable water vapor permeation, which support the possible applications of TSPU for food packaging.
Introduction
How to control the water concentration of packaged food is very important for requirements and designs in food packaging. In many cases, food must contain suitable water so as to remain its taste, colure, concentration and other qualities. For packaged food, it is easy to maintain the water content and keep it unchanged in the period of storage, but it is very difficult to change the water concentration, for example increase or decrease the water content in storage, 1 because there is few packaging materials possessing this smart "breathability", i.e. with controllable water vapor permeation, except thermo-sensitive polyurethanes (TSPU) packaging materials.
As a matter of fact, polyethylene, poly(phenylene ether), nylon and polyurethane are all the most popular materials for packaging applications. The "breathability" of these membranes is mostly determined by the size and shape of holes available in the polymer.
2 But unfortunately, the size of holes in these non-porous membranes is too small to permit any gas/water vapor permeation, so once a completion of food packaging, the water concentration of food can never be adjusted, but it is not the case for TSPU. TSPU is defined as functional materials with the ability to sense and respond to external thermo-stimuli in a predetermined temperature range. Generally, these polymers consist of two phases, i.e. a thermally reversible phase and a fixed phase. Accordingly, TSPU has often been observed with block or segmented structure. In any case, the thermally reversible phase shows a phase transition temperature, which can be used as a switch temperature (T s ).
3 It is well known that phase transition often accompanies great changes in physical properties of polymeric materials, 4-6 especially a large increase of free-volume (FV) hole size and an enhanced micro-Brownian motion when heating through the phase transition temperature (T s ), which provides a feasible approach to control the free-volume hole size.
7,8
The working principle of TSPU for controllable water vapor permeation relies on its controllable FV holes size. When the environment temperature is lower than the T s , the polymer chain is frozen and in glassy state, the microBrownian motion of macromolecules is limited and thus the FV hole size is too small to permit the water vapor penetration; When the environment temperature is higher than the T s , the frozen polymer chains are released, and the increase of FV hole size together with the enhancement of microBrownian motion will cause the water vapor permeability of membranes to increase dramatically. 9, 10 When the temperature decreases to below T s again, the polymer chains are frozen again and thus the FV hole size also decreases. In this case, The T s seems to acts as a functional gate to control the FV hole size, and finally to control the water vapor permeation. The aim of this study is to develop "smart materials" with functional gates, furthermore, to provide an intelligent packaging material for food industry.
Experimental
Materials. Polycaprolactone diols (PCL, Daicel Co.) with molecular weight 10,000 g/mol was dried at 100-120 o C under 1-2 mmHg for 5 h before use. Extra pure grade of methylene diphenylene diisocyanate (MDI, Aldrich Chemical), 1,4-butanediol (BDO, Aldrich Chemical) were used to prepare TSPU.
Preparation of Thermo-Sensitive Polyurethane. A 500 mL round-bottom, four-necked separable flask equipped with a mechanical stirrer, nitrogen inlet, thermometer and condenser with a drying tube was used as a reactor to prepare the polyurethanes. Dried PCL and MDI, which would provide the switch temperature or the so-called functional gate in the polymer, and twofold mole ratio of MDI, were charged into the dried flask. The soft-segment-forming reaction was carried out at 80 o C for about 2.0 h, followed by hard-segment-forming reaction with MDI, BDO (mole ratio 1:2) at 75 o C for 3.0 h. The progress of reactions in preparing the NCO-terminated pre-polymers and chain extension step were monitored by measuring the isocyanate value. A standard di-n-butylamine back titration method was employed.
11
Instrumental Analysis. The phase transition temperature of the TSPU was measured by using a Dupont 9900 thermal analyzer with a DSC module, which was purged with nitrogen gas and quenched with liquid nitrogen. The TSPU samples (5-10 mg) were heated in sealed aluminum pans and The Positron Annihilation Lifetime (PAL) of TSPU was determined by detecting the prompt r-ray (1.28 MeV) from the nuclear decay that accompanied the emission of a positron from the Na-22 radioisotope and the annihilation rray (0.511 MeV). A fast-fast coincidence circuit of the PAL spectrometer with a lifetime resolution of 290 ps as monitored with a Co-60 source was used to record all PAL spectra. The spectrum (1,000,000 counts) was collected at each temperature for a complete data analysis of lifetime distribution. The count rate was 200 counts/s and the channel width was 61 ps. Both RESOLUTION and POSITRONFIT programs in the PATFIT88 package were employed for data analysis. 
Results and Discussion
The Segmental Structure and Phase Transition Temperature of TSPU. The segmented structure and phase transition temperature of polymers can be characterized by DSC and DMA analysis. 13, 14 In order to examine the effect of different thermal cyclic process on the segmental structure and
the thermal sensitive properties, every heating process runs two or three times. Figure 1 is the DSC patterns of TSPU.
On the first-heating curve, a peak at 53 o C and a point of inflection at 179 o C, corresponding to the crystalline melting transition of soft and hard segment respectively, were found implying that TSPU prepared in this study is phaseseparated into a soft segment and a partially hard segment, and the incompatible soft and hard segments show obviously independent phases and different phase transition temperatures. On the second-heating curve, similar phase transitions and phase transition temperature are observed, which means that different thermal cyclic process (involving a heating process and a cooling process) has little effect on the segmented structure and the thermal sensitive properties of TSPU. Above conclusions can be further determined by DMA analysis.
Just as mentioned above, phase transition often accompanies a significant change of dynamic mechanical properties, on DMA patterns of TSPU, there are two significant changes of E', E'' and tan δ for any case, one appears at about 53 o C, and another at 180 o C which correspond to the phase transition of the soft segment and the hard segment (Figure 2 ). DMA analysis also reveals that TSPU shows the segmental phase-separated structure and still remains its phase-separated structure and dynamical mechanical properties in every thermal cyclic process.
The Free Volume and the Size Scale of Micro-pores in TSPU Membranes. The Positron Annihilation Lifetime Spectroscopy has been widely employed to study the microstructure of macromolecular, especially to determine the free volume hole size of nano-scale (0.1-1.5 nm) in polymers.
12 From the analysis of Positron Annihilation Lifetime Spectroscopy, we can obtain the data of ortho-positronium (o-Ps) lifetime (τ 3 ) and o-Ps intensity (I 3 ), and then the average radius (R) of free volume holes can be calculated by the following semi-empirical equation.
(2)
Where, R 0 = R+δ R ; δ R = 0.166 nm, which is the fitted empirical electron layer thickness. 16 Furthermore, the average size of free volume holes (V h ) and the fractional free volume f v (%) can be calculated by eqs. (3) and (4) Where, C is empirically determined to be 0.0018 from the specific volume data. Figure 3 , describes theτ 3 , I 3 , R and f v of TSPU as a function of temperature.
The free volume hole size and the fractional free volume of polymer can be characterized by the ortho-positronium (o-Ps) lifetime (τ 3 ) and the o-Ps intensity (I 3 ). On one hand, the o-Ps lifetime (τ 3 ) is related to the size scale of micropores, and higher τ 3 value means larger average radius (R) of free volume holes. Correspondingly, the average size of free volume holes (V h ) also shows a larger value. On the other hand, the o-Ps intensity (I 3 ) is proportional to the amount of free volume holes, and higher I 3 value means larger amount of free volume holes. 12, 15 In other words, the fractional free volume ( f v ) will take on a higher value. As shown in Figure 3 , when the temperature is lower than the switch temperature (T s ), sample shows a relative lower τ 3 , R, I 3 or f v value. This is probably because that the TSPU is in a well-organized glassy state and all movements of macromolecule chains are almost frozen at this moment. When the temperature exceeds the T s , TSPU undergo a change from the glassy state to the rubbery state. Just acting as a functional gate, phase transition temperature leads to dramatic changes in τ 3 , R, I 3 or f v . Typically, when the temperature varies ±10 o C around T s , the average radius has shifted Figure 1 . DSC curves of TSPU with a crystalline soft segment. from 0.23 to 0.467 nm and become larger than that of the water vapor (R w =0.4 nm). 16 Lower τ 3 , R, I 3 or f v at lower temperature and higher τ 3 , R, I 3 or f v at higher temperature imply that TSPU membranes have good moisture barrier effect at lower temperature but a higher WVP at higher temperature.
The Water Vapor Permeability of TSPU Membranes. Figure 4 , shows the water vapor permeability of TSPU membranes as a function of temperature. Although the WVP of sample increases with an increase of temperature, the increasing tendency is quite different in different temperature range.
As shown in Figure 4 , when the temperature is lower than 45 Possible Applications of TSPU for Food Packaging Materials. It is believed that the size and shape of free volume holes available in polymeric membranes control the rate of gas diffusion and its permeability, 9,17-19 so how to control the free volume hole size is the key index to achieve controllable water vapor permeation for packaging materi- als. TSPU membranes prepared in this study has the ability to sense and respond to external thermo-stimuli and give a changeable free volume hole size from 0.23 to 0.467 nm. In practical applications, the water concentration of food packaged with TSPU membranes can be controlled by the external temperature and humidity. For example, when a enclosed food is placed in an environment with high humidity and high temperature (>T s ), the outside water can be driven to enter the package because of the enlarged FV hole size and the presence of concentration pressure of water vapor, once the adsorption equilibrium establishes, the packaged food is taken away form the above environment, the polymer is again in glassy state and the "opened" FV holes in polymer seem to "close", therefore, the penetration process of water vapor ends automatically; whilst when the enclosed wet-food is placed in an environment with lower humidity and high temperature (>T s ), in adverse, the intrinsic water of food will diffuse to the outside of packaging and thus the inner food is dried without re-opening the packaging. Working on this principle, the water concentration of food packaged with TSPU membranes will respond automatically to the stimuli of external temperature and humidity and show controllable features.
Conclusions
(1) TSPU prepared in this study shows phase-separated behavior and switch temperature (T s ) in the designed temperature range. PAL study indicates that the average radius (R) of free volume (FV) holes in TSPU show dramatic changes when the temperature exceeds the T s .
(2) The size of FV hole and WVP of TSPU can be controlled by the T s ; to be specific, when the temperature exceeds T s , the size of FV hole increases from 0.23 to 0.467 nm, as a result, the WVP of TSPU membrane increases from 4.30 to 8.58 kg/m
